Abstract
Introduction
The subject of radiation damage in MNOS (metalsilicon nitride-silicon dioxide-silicon) devices has been of interest to the radiation commun ty for many years. Work3by Stanley, Perkins et al, and Newman and Wegener, among others, in the late 1960's established that MNOS devices often show substantial improvement in tolerance to ionizing radittion when compared with most pure SiO MOS devices. Recently, interest in the radiation a?tributes of the MNOS structure has decreased since the development of radiation hard "clean" SiO MOS devices. However, at low temperatures, all SiO films, including the radiation hard "clean" oxides, show the same build-up of trapped holes in the oxiSe, and are highly sensitive to ionizing radiation. Consequently, a gate insulator structure more tolerant to ionizing radiation than SiO2 is needed for certain low temperature applications of MOS devices such as CCD signal processors for infrared arrays.
The purpose of this work is to study the radiation sensitivity of the MNOS structure at 800K. Also, we hoped that performing the irradiation at low temperatures would prove to be an advantage in the interpretation of the experimental results because of recent advances in the understanding of irradiation effects in Si02' It now appears that the buildup of trapped holes tnSiO2 when exposed to ionizing radiation at 80°K is the same in all thermally grown SiO2 layers, independent of variations in processing6(5his is not true for irradiation of SiO2 at '300°K).
Consequently, any differences between charge buildup in the MNOS structure and that expected for the SiO2 alone should be due to charge generation and trapping in the nitride or at the oxide-nitride interface. It is assumed throughout this work that the thermally grown SiO layer in the MNOS structure behaves exactly tie same as other SiO2 films. It A baud diagram of the MNOS structure is shown in Figure 1 .
Ionizing radiation incident on this structure will create electron-hole pairs in both the oxide gnd nitride layers. For applied fields greater than 10 V/cm, most of the electron-hol § pairs created in the oxide will escape recombination.
The elec- Figure 3 , AVFB vs. applied gate bias is shown for a sen of samples with 100o SiO2 and 1000 Si 3N for 5x10 Rad (Si) dose. The observed flatband shift shows a strong and complex dependence on both polarity and absolute magnitude of the applied bias.
The data in Figure 3 Figure 3 where AVFB is nearly independent of applied bias5 The results are plotted in Figure 4 as AVFB per lxlO Rad (Si) vs total effective gate insulator thickness.
The data in Figure 4 shows a very good fit to a straight line (curve 4(b)), indicating that AV is linearly proportional to nitride thickness. T is is the expected dependence for no (net) charge trapping in the nitride (Eq. (2)). Fig. 4(a) Figure 5 received the additional high temperature processing. It appears that this processing may have affected the flatband shift of sample 5-4 slightly, although 6-1 does not appear affected.
The data in Figure 5 shows (Fig. 4) . in the insulator, and for large enough negative bias, the first moment of the trapped charge is negative. There is no sign of saturation in this high field effect for either polarity of 6gate bias up to effective applied fields of + 5xlO V/cm.
In Figure 3, (Figure 4) . This dependence is a consequence of the MNOS geometry: Figure 4) . Consequently, the simplest model which fits the observed dependence of AVFB on nitride thickness is that there is no net charge trapping in the nitride under low field negative gate bias conditions and that carriers generated in the nitride are quickly recombined before separation by the applied field.
The data in Figure 5 , AVFS for samples with fixed nitride thickness and differenE oxide thickness, shows AVB varying approximately as the square of the oxide thickness for t < t . Considering generation in the SiO2, generfed eYectrons are mobile in SiO2 at 80 K, and due to the negative bias are rapidly swept out of the SiO2 into the s6licon substrate when they cannot contribute to AV B. Holes are relatively immobile and grq trappeS at or near the point of creation at 80 K. show the expected dependence of AVFB on nitride and oxide thickness, respectively, as calculated from Equation (1) . For most MNOS capacitors, the magnitude of the experimental flatband shift is much smaller than calculated. It is possible that net negative charge generated and trapped in the nitride results in a smaller AVVFB by partially compensating the positively charged trapped holes. This appears unlikely, however, because as discussed previously the data in Figure 4 indicates no net charge generation mechanism in the nitride.
Another possible explanation for AVFB being smaller than calculated is that the holes may move a short distance in the oxide before being trapped. Based on data which show slightly different flatband shifts for positively and negatively biased MOS capacitors with -l0002 SiO gate oxides, Boesch and McGarrity have proposes that holes in SiO2 have an average transport distance of 85R. They suggest that this is caused by transport of the holes in extended states of the valence band before being trapped. For MNOS capacitors with oxides on the order of l00R, many of the holes created in the SiO by the radiation may reach the SiO2-Si3N4 interface iefore being trapped. Since there is no potential energy barrier to holes crossing this interface (Figure 1 ), these holes may drift through the interface and the nitride (where they appear to have relatiyl 5high mobility at 300°K) without being trapped. 9 In this work, it is assumed that the motion of radiation ggnerated holes in the SiO at applied fields of + 1-2x10 V/cm are characterized gy a probability of being trapped which is constant per unit distance trave3ed in the SiO2 and a pair creation efficiency of 0.85. [9] . Because AVFB anneals in time, the average hole transport distance is time dependent and increases with time. (2) AVFt is measured at higher doses in this work. AVFB is found to be slightly sublinear with dose in these MNOS samples, perhaps due to filling of trapping states, which implies that the hole transport distance increases as the number of empty traps decreases.
Positive Gate Bias, Low Field
For positive gate bias the AV B data for these MNOS capacitors is more difficult o interpret. Holes generated in the SiO drift towards the silicon substrate under the infiuence of the positive gate bias, while electrons transport through the SiO2 to the oxide-nitride interface and the nitride. It is known from MNOS memory effect measurements that electrons may be (permanently) trapped both at the interface and in the bulk of the nitride. In this case, it is believed that electrons created by radiation will be subject to the same trapping processes as electrons injected by a high electric field from the silicon substrate. By analogy with the MNOS memory effect, it is assumed that the centroid of l grapped electrons is near the oxide-nitride interface. Figure 7 show that the radiation tolerance of the MNOS capacitors may degrade by as much as a factor of 4 when subjected to 9000C processing. This implies that it is the trapping of electrons which is affected, and that the processing reduces the electron trapping, perhaps by annealing of the electron traps at the oxide-nitride interface. This effect is similar to an effect observed in MNOS memory transistors, where the memory "window" decreases if the MNOS structure receives any high tempera lre processing after the oxide/nitride deposition.
It is also believed that the processing dependence of the electron trapping may account for the lack of a monotonic dependence of AV on nitride thickness as shown in Figure 6 for posive gate bias. It appears that the electron trapping depends on nitride deposition parameters and perhaps other processing steps in a way which is not reproducible for different sample processing runs.
High Field Regions
In the previous discussion of low field AVFB data, it has been possible to model all experimental results based only on generation of free carriers in 1231 the SiO2 and their subsequent transport and trapping.
However, explaining the high field data (including data such as the fact that for very large negative gate bias the first moment of the trapped charge is negative), appears to require a different generation mechanism. Possible generation mechanisms include free carrier injection from either the gate or the silicon substrate into the gate insulators due to a combination of the radiation and high field, and free carrier generation in the nitride, where separation of the carriers rather than recombination might occur for high applied fields. These models all appear to be in -conflict with some of the experimental data. For example, considering high field generation in the nitride, the total charge generated due to irradiation should be proportional to the nitride thickness, if either type of carrier is relatively mobile in the nitride, as previous data suggests. This is contrary to the experimental data in Figure 8 where total trapped charge is independent of nitride thickness for a factor of 10 
